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ABSTRACT
The Influence O f Atmospheric COg Enrichment 
On Belowground Growth
by
Katrina J. Salsman
D r. Dawn Neuman, Examination Committee Chair 
Associate Professor o f B iological Sciences 
University o f Nevada, Vegas
Root growth under elevated atmospheric COj was examined w ith  the intention o f
quantifying the effects o f elevated CO; on growth, ce ll w all characteristics and root carbon
status o f three herbaceous legumes: Phaseolus vulgaris L ., Phaseolus acutifolius Gray and
Pisum sativum L . Plants were grown hydroponically in  0.1 strength Hoagland’s solution
in  the U N LV  greenhouse at atmospheric CO; concentrations o f ambient (350 pm ol moT‘),
1.5x ambient (550 |im o l moT') and 2x ambient (700 ^imol moT‘). Root biomass increased
under elevated CO; fo r P. acutifolius and P. sativum, but not fo r P. vulgaris. Phaseolus
vulgaris roots grew faster during the day under elevated CO;, P. acutifolius root growth
rate increased at night, and P. sativum root growth rate did not change. In  spite o f these
variable changes in  growth rates, rooushoot ratios decreased in a ll three species studied.
Measurements o f biophysical growth parameters were inconclusive. Starch and ABA
concentrations o f P. acutifolius roots increased under 2x ambient CO;. Increased carbon
allocation to the roots presumably indicated a strong sink o f rapidly elongating cells,
possibly directed by A B A . An understanding o f the effect o f elevated CO; on
belowground growth processes w ill be necessary to predict the impact o f increased
industrialization on crop production and ecosystem functioning.
iii
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CHAPTER 1
INTRODUCTION
Atmospheric concentrations o f carbon dioxide have been increasing since the 
beginning o f the Industrial R evolution, prim arily due to the burning o f fossil fuels (Gates, 
1983). A lthough CO; concentrations have been much higher through the course o f earth's 
history, the speed at which CO; levels are rising during the last 50 years is unprecedented 
(Bowes, 1993; Vitousek, 1994). Current predictions o f potential doubling o f global 
atmospheric carbon dioxide concentrations in  the next century have led to increasing interest 
in  the response o f plant growth to  elevated CO; because plants are im portant prim ary 
producers in  the global carbon cycle.
.Generally, elevated atmospheric CO j is expected to increase lea f area, dry mass and 
plant yield (Kramer, 1981). In some species, direct effects o f elevated CO^ result in 
increased photosynthetic rates in  C3 plants, decreased stomatal conductance and suppressed 
m itochondrial respiration (F ield et al,, 1992). In  addition, reductions in  stomatal 
conductance and stomatal density associated w ith CO; enrichment may cause reductions in 
plant water use (Morison and G iffo rd , 1984). Indirect effects, therefore, may include 
increased water-use efficiency (due to decreased stomatal conductance) and altered 
carbon/nitrogen ratios (Field et al., 1992).
A t ambient atmospheric CO ; concentrations and under optim al conditions, 
photosynthesis in  C3 plants is lim ited  by the supply o f CO;. Increasing the ambient CO;
level may enhance photosynthesis by reducing this lim itation (Arp, 1991). Photosynthetic
1
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rates are also stimulated because elevated CO  ^reduces the com petition w ith fo r ribulose- 
1,5-bisphosphate carboxylase/oxygenase (rubisco), increases the activation o f this 
im portant enzyme and reduces photorespiratory processes (Bazzaz, 1990). The rate o f 
carboxylation o f ribulose-1,5-bisphosphate (RuBP) by CO^ in  C3 plants is stim ulated 
because rubisco has a low  reaction velocity at low  substrate concentrations (Nobel, 1983) 
and operates at about 25% o f Vmax (maximum enzyme kinetic activity) at present day 
atmospheric concentrations (G riffin  and Seemann, 1996).
Short-Term Response 
In  many cases, the in itia l stim ulation o f photosynthetic rates w ith exposure to high 
CO j is short-term , lasting fo r on ly a few hours (Kramer, 1981). The overall rate o f 
photosynthesis under elevated CO^ is lim ited not by the carboxylation capacity o f rubisco, 
but by the capacity to regenerate the photosynthetic substrate, RuBP (M ott, 1990). In  turn, 
RuBP regeneration, which requires ATP, is probably lim ited by the capacity to u tilize  
inorganic phosphate in the production o f ATP. To remain balanced w ith these lim iting 
processes over the longer-term, photosynthesis can be down-regulated by decarbamylation 
o f rubisco o r damperting the rate o f photosynthetic electron transport (G riffin  and Seemann, 
1996). This biochemical adjustment to environmental change, o r acclimation, may alter the 
response o f photosynthesis to elevated CO^ concentration over tim e (Gunderson and 
W ullschleger, 1994).
Long-Term Response 
In  addition to an adjustment o f photosynthetic rate, acclim ation can also result fiom  
an imbalance between carbohydrate source and sink (Arp, 1991). A fte r a 3-month 
exposure to elevated atmospheric CO;, the photosynthetic rate o f Encelia farinosa was 
found to decrease during the day, possibly due to end-product inh ib ition  by starch and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sucrose (Zhang and Nobel, 1996). Socias et al. (1993) reported reduced activ ity  o f 
sucrose-phosphate synthase, which resulted in feedback lim ita tion  o f photosynthesis in  
Phaseolus vulgaris after three weeks. Ehret and Jo liffe  (1985) attributed the reduced 
photosynthetic capacity in  P. vulgaris to increased photosynthate supply over demand, 
resulting in feedback inh ib ition  o f photosynthesis.
On the other hand, acclim ation does not always occur in  long-term studies. Arp 
(1991) noted that long-term exposure to elevated atmospheric CO; in  agricultural fields 
resulted in  no evidence o f decreased plant responsiveness. Although the reasons fo r this 
are unclear, it  appears that plant responses to CO; may involve a myriad o f interconnected 
metabolic responses. This has been reported in other studies o f environmental physiology 
w ith interaction between such factors as nitrogen, hormones and temperature (Osmond et 
al., 1987). When experimental plants are grown under root-restricted conditions, the 
response to CO; enrichment may be reduced or elim inated. McCDonnaughay et al. (1993) 
reported that pot size, shape and ava ilab ility o f nutrients a ll influence the CO; 
responsiveness o f plants. I t  may be that the stimulation effect o f elevated CO; is masked 
when water and mineral uptake rates are lim ited by a rooting medium that is nutrient poor 
and restricted in volume. There are several examples in the environmental physiology 
literature where nutrient and growth conditions either exacerbate or mask responses (Radin 
et al., 1982).
Photosynthetic responses to C O j follow ing long-term growth at high CO; 
concentration appears to be complex (Pearcy and Bjorkman, 1983). In developing future 
directions fo r research on the issue o f CO; and plant growth, it  is apparent that an 
understanding o f belowground responses to elevated atmospheric CO; w ill be important.
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Plant Root Growth
Because the research presented here focuses on belowground growth, it  is 
appropriate to discuss how roots grow. There are three zones in  a root: meristematic, 
elongation and differentiation (Dolan et al., 1993). C ell division occurs in  the meristematic 
zone, ce ll enlargement in  the elongation zone, and cell differentiation is achieved in  the 
d ifferentia tion zone. For the purposes o f this work, we w ill th ink o f growth as an 
irreversible increase in  cell length (Cosgrove, 1993b), so we w ill focus on cell extension o r 
enlargement
One mechanism to explain extension growth involves the loosening o f the cell w all. 
When susceptible cells are exposed to auxin, a growth-stim ulating plant hormone, protons 
are excreted into the cell w all, lowering the apoplastic pH and activating wall-loosening 
processes (Rayle and Cleland, 1992). Exactly how this process loosens cell walls is s till 
unclear and it  is unknown i f  this process occurs in roots.
D uring cell elongation, chemical components and mechanical properties o f the ce ll 
w all are dynantic (Sakurai, 1991). The flu id ity  o f the w all is increased by the degradation 
o f w a ll polysaccharides, a process which is possibly facilitated by xyloglucan 
endotransglycosylase, an enzyme thought to be important in  ce ll w a ll loosening (Fry et al., 
1992).
Plant ce ll walls have visoelastic properties that are involved in the internal control o f 
growth. These properties result in  elastic as w ell as plastic behavior (Ctosgrove, 1993b). 
The ce ll w a ll is composed o f tig h tiy  packed polysaccharides that are in  close enough contact 
to create fric tio n , or viscosity. In  addition to contributing to the viscous nature o f cell 
w alls, the entangled polysaccharide m icro fib rils are cross-linked. I t  is these bunched- 
together, cross-linked polysaccharides that have the capacity to “ unravel” , providing the 
elastic property o f the w all (Sakurai, 1991).
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A  number o f studies im plicate w all characteristics in  the control o f root growth. 
Lockhart (1965) described expansion growth as a function o f w a ll extensibility, yield 
threshold and water flow . This relationship is captured in  this m odified version o f the 
orig inal Lockhart equation:
[ r  = m (P -Y )l
where r  =  growth rate, mm h r ';  m = w all extensibility, MPa hr '; P = turgor pressure, MPa; 
and Y = y ie ld  threshold, MPa (Cosgrove, 1993b).
For growing roots, Pritchard et al. (1987) found that turgor was constant in  wheat 
root cells in  the growing zone, indicating that changes in  p lasticity and/or yield threshold 
are involved in  the control o f ce ll size. Tomos and Pritchard (1994) also suggested that the 
contro l o f growth is independent o f turgor, therefore im plicating ce ll w all mechanics in 
grow th control. Frensch and Hsiao (1995) further supported the importance o f w all 
characteristics, suggesting that the roots can readily adjust y ie ld  threshold in  the face o f 
water stress to prevent a complete halt in  growth. There are few  studies o f w all parameters 
o f roots in  either optim al o r m aitipulated experimental conditions.
Biochemical factors can also act in  the control o f growth via growth regulators, or 
hormones. The endogenous regulators lA A  and ABA have been reported to play a role in  
the growth o f maize roots (P ile t and Saugy, 1987). A BA  may regulate proline 
concentrations; proline, an ostnoticum, could be involved in  the maintenance o f turgor 
during ce ll expansion (Sharp et al., 1993).
Root Growth Under Elevated Atmospheric CO;
CO j enrichment has been reported to stimulate root growth (Stulen and den Hertog, 
1993; Norby, 1994; Rogers et al., 1994), as w ell as have substantial effects on root system 
architecture, morphology and physiology (Rogers etal., 1992). There is no consensus, 
however, as to the quantitative effects o f CO  ^enrichment on carbon allocation because o f
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species differences and because o f the effect o f other grow th-lim iting environmental factors 
on the C O ; response o f the plant (M orison and G ifford, 1984). The degree o f plant 
response to elevated atmospheric CO ; is variable among species and may depend on how 
much the plant is lim ited fo r resources other than carbon. For example, under non-lim iting 
nutrient supply, Stulen and den Hertog (1993) found the partition ing o f carbon was not 
effected by elevated CO; levels. When nutrients or water are lim itin g , however, allocation 
o f biomass increased to the roots. In  a study using w ild  radish, Chu et al. (1992) found an 
increase in  tissue carbon/nitrogen ra tio  under elevated CO;, but no change in  dry matter 
partitioning. Contrary to expectation, there was no increase in  carbon allocation to the root 
o r nitrogen uptake rates to allow  a greater absorption o f nitrogen, even though the internal 
ratio o f carbon/nitrogen was increased.
In  addition to carbon/nitrogen alterations, the architecture and morphology o f root 
systems are altered under elevated atmospheric CO;. Rogers et al. (1992) documented an 
increase in  stele and cortex w idth as w ell as root diameter in  soybean. The distribution o f 
roots at the shallow soil depths increased in  cotton under CO; enrichment (P rior etal., 
1994), as d id  the length, diameter and tissue density o f the taproot (P rio r et al., 1995). 
Internal structural modifications such as ce ll size and number were cited as potential 
explanations fo r these morphological changes.
Reported responses o f plants to elevated atmospheric CO; include an increase in 
root growth rates. Ferris and Taylor (1994) found that root elongation o f chalkland herbs 
increased under elevated CO;, probably due to an increase in  ce ll w a ll extensibility. Taylor 
et al. (1994) reported sim ilar results, but also suggested a change in  carbon allocation from 
root expansion to root branching at a later stage in  development
M etabolic responses to elevated CO; also include alterations in  carbon partitioning 
and hormone concentrations. Elevated CO; can stimulate sucrose synthesis in excess o f 
demand and result in  increased starch synthesis (Tolbert and Zelitch, 1983). Generally, the
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control o f carbon partitioning is regulated by sink demand: photosynthates are transported 
to developing tissues. I f  root elongation intensifies under CO; enrichment, the sink 
strength o f the roots could surpass that o f the shoots. Carbon partitioning m ight also be 
regulated via the effect CO; enrichment has on the metabolism o f growth regulators 
(Grodzinski, 1992). Changes in the patterning o f carbon w ill have direct effects on the 
root-to-shoot ra tio  o f the p lant
From the available literature it  is clear that many fundamental questions remain to be 
answered in  order to  explain plant responses to elevated atmospheric CO;. In  addition, the 
specifics o f how individual mechanisms control growth, as w ell as the regulation o f carbon 
allocation o r root/shoot growth remain to be elucidated, under ambient as w e ll as elevated 
atmospheric carbon dioxide.
Follow ing reports that elevated atmospheric CO; can enhance root grow th in  some 
species, there has been an increased interest in  the specifics o f the root biology o f plants 
exposed to elevated carbon dioxide. There are reports o f more than 40% increases in  mass 
from  a doubling o f atmospheric carbon dioxide in  some species (K im ball, 1983).
However, little  research has been done on the specifics o f the biomass increase found in 
responsive species (N orby, 1994). In this study, I  examined growth, starch metabolism, 
hormonal status and rheological properties associated w ith root growth under elevated 
atmospheric CO; in  three cultivated plant species: Phaseolus vulgaris, Phaseolus acutifolius 
and Pisum sativum. Phaseolus vulgaris and Pisum sativum are crop species that are 
commonly used fo r physiological studies. For the purposes o f comparison, Phaseolus 
acutifolius was also chosen as a smdy species, because o f its drought tolerant 
characteristics, which therefore lend an interesting comparison to Phaseolus vulgaris.
The objectives o f this study were to (1) quantitate overall root growth responses and 
(2 ) explore possible underlying biophysical and metabolic mechanisms to explain
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differences in  growth under elevated atmospheric COy A  number o f testable hypotheses 
were used to guide my research:
1) Root biomass is increased under elevated atmospheric CO;.
2) I f  there are a greater number o f roots, the roots are more branched, meaning there are 
more lateral roots.
3) I f  the roots are longer, root re lative growth rate is faster.
4) The zone o f cell division is smaller, meaning there are less cells dividing, w hile more 
cells are elongating in  the ro o t
5) C ell-w all extensibility is increased, allow ing greater growth.
6 ) Y ie ld  threshold is decreased, reducing the pressure necessary to expand the ce ll w all.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
MATERIALS AND METHODS
To assess the specifics o f root growth and potential clim ate change, plants can be 
grown in  hydroponics under various atmospheric carbon dioxide concentrations. This 
technique is useful because plants are grown under conditions where nutrient ava ilab ility 
can be easily controlled, root restriction can be avoided, and root tissues can be sampled 
w ithout large disturbance o f the rooting environment. I  have used this technique to 
quantify the effects o f atmospheric CO; emichment on growth, rheological properties and 
root carbon status o f three herbaceous legumes {Phaseolus vulgaris, Phaseolus acutifolius 
and Pisum sativum).
Plant M aterial and Treatments Protocol. Experiments were conducted in  a controUed- 
environment greenhouse. Seeds o f Phaseolus vulgaris, Phaseolus acutifolius and Pisum 
sativum were germinated in  flats o f sterile potting soil under ambient ligh t, temperature and 
CO; conditions and then transferred to aqueous solution culture at approximately day 6  
fo llow ing germination. For Phaseolus, this is before the firs t trifo lia te  lea f has expanded. 
For Pisum, this is when they have 2 leaves. Seedlings were transplanted using a random 
number table into hydroponic bins under three atmospheric CO; treatments; ambient CO; 
(approxim ately 350 (im o l m ol ')  in  the U N LV greenhouse, 550 ^unol m ol ', and 700 pm ol 
m ol '. Measurements began after seedlings had been in  the treatment conditions fo r 10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
days. L i most experiments, comparisons were lim ited to ambient versus 700 |im o l m ol ' 
CO ; concentrations.
Atmospheric CO; concentrations o f each treatment room were monitored w ith an 
Infrared Gas Analyzer. CO; was automatically injected into the treatment rooms when 
necessary to maintain concentrations w ithin ±  30 pm ol m o l'o f the target concentration. 
Temperature was allowed to track normal seasonal conditions outside the greenhouse. 
Experiments were mn under ambient ligh t conditions where the maximum recorded 
Photosynthetically Active Radiation (PAR) was 1228 mmol m’^ s '\ A ir temperature, 
hydroponic water temperature and CO; were monitored and recorded w ith a datalogger.
To maintain a consistent nutrient status throughout the experiment, plant roots were 
bathed in  aerated, circulating 0.1 strength Hoagland's solution pumped continually between 
the hydroponic bin and a 20-gallon sealed, opaque container. Prelim inary studies have 
shown that circulating solution alleviates problems o f nutrient deficiency, as the roots in 
each treatment may take up water and minerals at d ifferent rates. N utrient solutions were 
renewed weekly.
Root Growth Measurements. Relative growth rate o f roots was measured by marking 
roots w ith a lumocolor overhead marking pen 2  cm from  the tip  and re-measuring the 
distance from  the root tip  to the ink mark at 12 and 24 hour intervals. The length o f the five  
longest roots on each plant were measured from the basal point o f attachment to the tip  o f 
the ro o t Root diameter was measured 15 mm from  the root tip  using a reticle. R rst-order 
lateral branches were counted. The zone o f cell division was measured w ith a calibrated 
eyepiece graticule on roots cleared w ith chromium trioxide (Pelosi et al., 1995). A t the end 
o f the experiment, aboveground and belowground tissue were harvested and oven-dried at 
80*C fo r 72 hours fo r relative dry mass determinations.
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BiophvsicaiyRheological Measurements. Y ie ld  threshold and cell wall extensib ility were 
estimated by manipulating the turgor pressure o f 0.75 cm root sections in  a graded series o f 
non-penetrating osmotica (m annitol). The change in  length at each pressure potential was 
measured using a d ig itizer connected to a microscope and computer. To estimate water 
potential yie ld threshold and cell w all extensib ility, excised roots were incubated fo r 6  
hours in  a graded series o f mannitol solutions to modulate the turgor pressure (C leland, 
1976). In  the ideal situation, growth rate should fa ll linearly as turgor pressure fa lls  
(Cosgrove, 1993b). The percent change in  length (ordinate) plotted against osm otic 
pressure o f the incubating solution (abscissa) should ideally give a line where the slope is 
cell w all extensibility and the x-intercept (y=0) is  the yield threshold (Hg. 1). M idday 
water potential o f roots was measured by thermocouple psychrometry ^Decagon Devices 
Corp., Pullman, W A). Roots were harvested, blotted dry, and allowed to equilibrate fo r 5 
hours before measurements were recorded. M idday stomatal conductances were measured 
on fu lly  mature leaves using a LI-1600 steady-state porometer (LI-COR Inc., USA).
5 -,
•S
00
g
0 -
c
I y ie ld
§
u w all extensib ility
- 10—
-15
-0.75 -0.5 -0.25 0
M annitol-solution pressure (MPa)
0.25 0.5
Fig. 1: Estimation o f yie ld threshold and cell w a ll extensibility.
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Metabolic Measurements. Lab procedures fo r starch, sugar and A B A  were obtained and 
completed in  D r. Neuman’s lab at U NLV. P. acutifolius tissue fo r starch measurements 
was collected and dried at 60*C and crushed w ith  m ortar and pestle. 2-3 m l o f 80% ethanol 
was added to 25 mg o f tissue, ground and the volume brought to 7 m l. The samples were 
shaken fo r 30 m in., centrifuged at 1500 rpm fo r 10 m in., and the supernatant removed. 
(This supernatant was set aside fo r sucrose analysis, described below .) The pe lle t was 
washed in  80% ethanol at 85* C until the supernatant was clear, and then dried overnight 
Pellets were boiled in  1 m l o f distilled water fo r 45 min. and stored overnight at room 
temperature. Polysaccharides were broken down in  2 m l amyloglucosidase at 30*C 
overnight Glucose standards were prepared in  concentrations o f 0.5 to 0.0025 mg/m l, 2.5 
m l GOD-POD enzyme/color reagent was added to 250 i l l  o f standards and samples, and 
incubated at 37*C fo r 30 m in. Standards and samples were plated in  a 96 w e ll v in y l assay 
plate and optical density obtained at 450 tun. O ptical density fo r the samples were 
calculated using a standard curve (optical density o f the standards versus glucose 
concentration o f the standards).
The supernatant from  the above tissue extraction procedure was used in  the 
hexose/sucrose analysis. Sucrose standards were prepared in  concentrations o f 0.005 to 
1.0 mg/m l, 3.5 m l o f an throne color reagent was added to 500 | il o f standards and samples 
and incubated at 95'C  fo r 10 min. Standards and samples were plated in  a 96 w ell vinyl 
assay plate and optical density obtained at 590 nm. Sucrose concentrations were calculated 
from  a standard curve as described fo r starch.
For A B A  measurements, tissue was weighed, lyophilized, ground and extracted 
w ith 5 m l o f cold 80% methanol/BHT extraction buffer, shaken fo r 2 h and centrifuged at 
1200 rpm fo r 10 m in. The supernatant was stored overnight at -20’C. 3 m l o f extraction 
buffer was added to the rem aiiting tissue pellet, ground and shaken overnight. The sample 
was then centrifuged and supernatant removed as before. 1 -2  m l extraction buffer was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
added to the rem aining pellet, centrifuged, and supernatant again removed. The three 
supernatants were pooled and evaporated at 40*C under vacuum u n til approximately 1.5 m l 
volume remained. Samples were frozen at -70*C and lyophilized. The fo llow ing 
components were m ixed in  m icrofiige tubes: (a) 1 0 0  m l sample o r standard solution; (b)
100 m l newborn c a lf serum (1:7); (c) 100 m l (+ /-)-A BA ; and (d) 100 m l diluted
antibody to (+ )-A B A  raised in  young rabbits. Follow ing incubation at 4*C fo r 1 h, the 
antibody was precipitated by adding 0.5 m l 90% saturated ammonium sulfate. A fte r 
centrifuging and aspirating, the pellets were washed w ith 50% saturated amnaonium sulfate, 
recentrifuged, aspirated, and the pellet resuspended in  150 m l d is tille d  water. 1 m l o f 
scintillation flu id  was added, mixed un til clear, and the solution was inserted into 
scintillation via ls and counted fo r 1 m in. A B A  concentration fo r the samples were 
calculated using a standard curve (maximum binding o f the standards versus binding count 
o f the standards).
Statistical Analvsis. Tests o f significant differences between means were determined w ith 
one-way A N O V A  using JMP IN , a statistical package from  the SAS Institute, USA. For 
the metabolic measiuements, tests o f significance were determined w ith a students t-test 
using a general statistics package (Statworks, C ricket Software, Pennsylvania, USA).
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RESULTS
Environmental conditions. The mean CO; concentrations in  the treatment rooms were 385 
±  0.5 pnool moU in  the ambient treatment, 553 ±  0.2 pm ol m ol ' in  the 1.5x ambient 
treatment and 702 ±0 .1  pm ol mol ' in  the 2x ambient treatment (F ig. 2). D aily 
temperatures varied w ith  outside conditions (H g. 3). A ir and hydroponic temperatures 
ranged from  18 - 41*C during the experimental period (May 5-July 15, 1997), w ith a mean 
o f 30*C. Hydroponic solution temperatures floated w ithin 2 degrees Celsius o f the 
temperature o f the ambient room (ambient, 32*C; 550, 30*C; 700, 31*C) (Hg. 3).
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Hg. 2: Carbon dioxide concentrations (pm ol m ol ')  fo r each treatment room fo r one typical 
24 hour period.
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Fig. 3: A ir and hydroponic solution temperatures (*C) fo r each treatment room fo r 
a typical week.
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Elevated CO; and Growth Parameters 
Total Biomass And Growth Rate. The to ta l biomass and root dry mass o f plants grown 
under elevated atmospheric CO; were greater fo r P. acutifolius and P. sativum  than fo r 
plants grown under low er atmospheric CO; (Table 1). P. acutifolius was more responsive 
to increased CO; than P. sativum. There was no effect o f increased atmospheric CO; on 
root or leaf number o f P. vulgaris, although total shoot biomass increased s lig h tly  fo r this 
species. Elevated CO; reduced stomatal conductance in  P. vulgaris (385,0.61 ±  0.12; 
550, 0.79 ±  0.24; 7(X), 0.41 ±  0.08 cm sec*^) and P. acutifolius (385,0.34 ±  0.16; 550, 
0.38 ±  0.15; 7(X), 0.04 ±  0.06 cm see ') . Biomass partition ing between roots and shoots, 
as quantified by the plant rootrshoot ratio, was statistically different fo r a ll species tested.
Ta b le  I :  Root and shoot dry mass (grams), lea f number and rootzshoot ratio. Data 
are means fo r 12-23 plants w ith standard errors. Means w ith a d iffe ren t le tter 
w ith in a given row  indicate statistical differences at P < 0.05.
CO; concentration 
Growth Parameters 385 700
Phaseolus vulgaris root 0.71 ±0 .06  a 0.73 ±  0.05 a
leaf no. 2.33 ±  0.51 a 2.66 ±  0.70 a
shoot 1.49 ±0.09 a 1.85 ± 0 .1 5  a
rootzshoot 0.47 ±  0.01 a 0.39 ±  0.01 b
Phaseolus acutifolius root 0.27 ±  0.01 a 0.43 ±  0.04 b
leaf no. 2.66 ±  0.33 a 5.14 ±  0.40 b
shoot 0.32 ±  0.02 a 0.60 ±  0.05 b
rootzshoot 0.89 ±  0.02 a 0.71 ±  0 . 0 2  b
Pisum sativum root 0.26 ±  0 .0 1  a 0.30 ±0 .0 1  b
leaf no. 7.30 ±0 .19  a 7.94 ±  0.22 b
shoot 0.50 ±  0.02 a 0.63 ±  0.03 b
rootzshoot 0.53 ±  0.01 a 0.48 ±0 .0 1  b
Biomass and Leaf Number. CO ; enrichment effected shoot biomass fo r a ll three species 
(Table 1). In  P. vulgaris, root and shoot mass showed a significant increase o f 24% and
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29%, respectively, under 550 pm ol m ol * CO j, though lea f number d id  not change (data 
not shown). Masses fo r 100 pm ol m ol ' CO^ d id  not d iffe r sign ificantly from  550 o r the 
control. Phaseolus acutifolius showed a significant 51% increase in  root and shoot d ry 
weight and a 193% increase in  leaf number. For Pisum sativum, root and shoot biomass 
increased 13% and 20%, respectively, w ith  elevated CXDj. There were more leaves in  the 
elevated C O j treatment, an increase o f 48%, which corresponds to the increase in  shoot 
biomass.
Day and N ight Growth o f Roots. V fith  an increase in  ambient COj concentration from  385 
to 100 pm ol m ol ', the rate o f night grow th increased in P. vulgaris, whereas there was no 
effect on day growth o f the roots (F ig. 4). For this species, night root growth decreased 
43% under 550 pm ol m ol ' CO ,^ but increased 22% under 700 pm ol m ol '. In  contrast, 
day root grow th o f P. acutifolius was sign ifican tly higher under 700 pm ol mol ' CO; w ith  
an increase o f 59%, whereas there was no significant difference in  n ight growth. Elevated 
CO; had no effect on either day or n ight growth rates fo r P. sativum.
Root Length and Branching. A lthough roots o f P. vulgaris appeared to be visib ly longer 
in  high CO; grown plants, data were on ly collected fo r P. acutifolius and P. sativum 
because o f the degree o f entanglements between root systems o f P. vulgaris. For P. 
acutifolius and P. sativum, high CO; grown plants had significandy longer roots than those 
grown in  low  CO; (H g. 5). Root length increased 34% fo r P. acutifolius. while P. 
sativum root length increased 23%. There was no effect on first-order lateral root 
branching in  any o f the species tested (data not shown).
Root Diameter. CO; enrichment resulted in  a 25% decrease in  root diameter fo r P. 
acutifolius (F ig. 6 ). Therefore the effect o f elevated CO; on P. acutifolius was to produce a
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longer, thinner ro o t There was no significant difference in  the diameter o f roots fo r either 
P. vulgaris o r P. sativum.
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R g. 4: Day and night root growth rate (mm h r' ) under ambient and elevated CO;. Data are 
means fo r 6-11 roots w ith standard errors. Means w ith a different le tter w ith in a species 
are sta tistica lly different at P < 0.05.
Zone o f C ell D ivision. The zone o f ce ll division was 87% shorter in  P. acutifolius grown 
under elevated CO;, whereas the length o f the zone o f cell division was not modified by 
exposure to elevated atmospheric CO; in  either P. vulgaris or P. sativum (Fig. 7).
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Fig. 5: Length (cm) o f 5 longest roots fo r Phaseolus acutifolius and Pisum sativum  grown 
under 385 and 700 pm ol m ol ' CO;. Data arc means fo r 21-75 roots w ith standard errors. 
Means w ith  a different le tte r w ith in a species indicate statistical differences at P <  0.0001.
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Hg. 6 : Root diameter (mm) fo r three species under ambient and elevated CO .^ Data are 
means fo r 6-15 roots w ith  standard errors. Means w ith a d ifferent letter withm a species 
indicate statistical differences at P < 0.05.
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Hg. 7: Length o f the zone o f ce ll division (mm) fo r three species under ambient and 
elevated COy Data are means fo r 4-10 roots w ith standard errors. Means w ith a different 
letter w ith in  a species indicate statistical differences at P <  0.05.
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Elevated CO; and Biophysical Responses 
Growing in  a CO; enriched atmosphere appeared to have no effect on root cell w a ll 
extensibility or water potential yie ld when these parameters were estimated using a line- 
fittin g  approach (Table 2). However, when root growth is graphed as a function o f 
external water potential, the data suggest that there was a species-specific effect o f elevated 
CO; on root growth (F ig. 8 ). This graphing approach has been suggested by Cosgrove 
(1993b) to be used in  circumstances where there is a marked nonlineaiity in  the growth vs. 
water potential curve. In  this study, comparison o f the growth versus water potential 
relationships under 2x ambient CO; indicates that at higher turgor (approaching zero 
external water potential) the curve becomes steeper for P. acutifolius and P. vulgaris, 
suggesting that at high external water potentials, root growth is more sensitive to small 
changes in  turgor in  these species.
Ta b le  2: Total root growth over a 24 hour period (mm) and root water potential ('F , 
MPa). C ell w all extensib ility (wex, MPa'^  h ') and yie ld  threshold (MPa) have been 
generated from  fitte d  lines. Data are means fo r 6-11 roots w ith standard errors. Means 
w ith  a different le tte r w ith in  a given row indicate statistical differences at P < 0.05.
CO, concentration
385 550 700
Phaseolus vulgaris growth 21.14 ±2.05 a 17.0 ±0.54 a 26.12 ±1.14 b
V -0.58 ±0.02 a -0.54 ±0.05 a -0.59 ±0.03 a
wex 0 .2 1  ±0 .0 2  a 0.06 ± 0 .0 1  b 0.14 ±0.02 a
yield -0.46 ±0.02 a -0.21 ±0.03 a -0.39 ±0.12 a
Phaseolus acutifolius growth 5.8 ±1.06 a - 1 0 .0  ± 1 .8  b
y -0.61 ±0.07 a -0.57 ±0.05 a -0.64 ±0.09 a
wex 0.07 ±0.01 a 0.108 ±0 .0 1  a 0 .1 1  ±0 .0 2  a
yield -0.41 ±0.15 a -0.49 ±0.05 a -0.39 ±0.09 a
Pisum sativum growth 10.6 ±0.99 a - 1 1 .8  ± 1 .0  a
'P -0.72 ±0.04 a - -0.76 ±0.05 a
wex 0.15 ±0.02 a - 0.14 ±0.01 a
yield -0.26 ±0.07 a - -0.35 ±0.01 a
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There was no effect o f elevated atmospheric 00% on P. sativum (H g. 8 ). Interestingly, fo r 
P. sativum, roots were very sensitive to lower concentrations o f m annitol—root tissues o f 
this species shrank at concentrations that enhanced growth in  both species o f Phaseolus.
Elevated CO; and Metabolic Responses 
Starch And Sugar Accumulation. Changes o f soluble sugars and starch were measured in 
P. acutifolius grown under elevated CO;. Starch concentrations were highest in  source 
leaves, the low er stem and in  roots. The largest accumulation o f starch was found in  roots, 
where the size o f the starch pool increased by approximately 490% under 550 pm ol mol‘‘ 
and 1(XX)% in  the 700 ^tmol mol ‘ environment There was no corresponding increase in 
root sugar concentrations. Changes in the concentrations o f the sugar pool were small 
compared to changes in  the partitioning o f starch in to different tissues (Table 3).
ABA. Root A B A  accumulation was strongly effected by exposure to increased 
atmospheric CO; in  P. acutifolius (Table 3). ABA showed a 217% increase over the 
control in  the doubled CO; treatment
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T a b le  3. Summary o f the effects o f elevated CO; on starch and sugar concentrations and 
A BA  o f P. acutifolius. Source leaves were +7 and +8 , and sink leaves were 0 and -1 from  
a marked new ly developed leaf. Data are means fo r 5-6 plants w ith standard errors.
Means w ith a cüfferent letter w ithin a given row indicate statistical significance at P < 0.05.
CO; concentration 
385 550 700
STARCH
Leaf Sink (mg cm '^  
Source (mg cm '^
0.5±0.1a
3.5±1.4a
0.49±0.6a
3.6±0.9a
1.2 ± 0 . 1b
10.7±3.2b
Stem; Xylem Upper (mg g ' dwt) 
Lower (mg g ‘ dwt)
3.3±0.6a
15.0±1.5a
2.8±3.8a
13.9±6.2a
3.1±1.4a
30.0±0.7b
Stem: Phloem Upper (mg g ‘ dwt) 
Lower (mg g ‘ dwt)
1.4±0.1a
4 .2 ± l.la
3.6±0.9b
12.3±1.9b
4.2±0.6b
11.3±1.3b
Root (mg g ‘ dw t) 1 .2 ± 0 .1a 5.9±0.9b 1 2 .0 ± 0 .2 c
SIX-CARBON SUGARS
Leaf Sink (xlO ^ mg cm'^ ) 
Source (xlO ^ mg cm'^ )
5.2±0.1a
6 .1± 0 .2 a
12.0±2.9b
7.9±0.9a
1 0 .0 ± 1 .8 b
9.4±0.1b
Stem: Xylem Upper (mg g'^  dwt) 
Lower (mg g * dwt)
4.9±1.6a
1 .6 ± 0 .1a
4.2±0.9a
1.4±0.3a
3.7+1.3a 
1.5±0.1a
Stem: Phloem Upper (mg g ‘ dw t) 
Lower (mg g'^  dwt)
6.0±0.9a
4.0±0.2a
5.8±0.6a
3.9±0.9a
5.1±0.2a
4.0±0.2a
Root (mg g'^  dwt) l. l± 0 .1a 1 .2 ± 0 .8 a 0.9±0.1a
A B A , root (nm ol g ‘ dwt) 2.11±B.18a 3.40±0.21b 4.59±0.8c
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CHAPTER 4
DISCUSSION
Introduction. Belowground dynamics aie an im portant part o f the total plant response but 
are often ignored because o f the methodological d ifficu ltie s  involved in  studying an 
underground event In  this study, the prim ary objective was to evaluate the influence o f 
atmospheric CO; enrichment on roots. Results from  this study clearly indicate that even 
closely related species from  the same genus can have vastly different responses to elevated 
CO;. Growing in  a high atmospheric CO; environment induced root proliferation and 
increased shoot grow th in  P. acutifolius and P. sativum, w hile P. vulgaris showed no such 
changes. The varying responses o f these species agrees w ith the results o f Ferris and 
Taylor (1993) who reported contrasting effects on root and shoot growth o f grassland 
herbs in  response to elevated CO;.
It has been reported that increased carbon allocation to roots under elevated 
atmospheric CO; occurs only under resource-lim iting conditions (Stulen and den Hertog, 
1993). The most notable result from  this study was the enhanced growth o f the root 
systems as a species-specific effect under non-lim iting resources. We examined three 
legume species grown under non-lim iting conditions and CO; enrichment, and showed 
increased root grow th, root length and root biomass. This is in  contrast to the idea that 
responsiveness in  the root system can only be seen under growth lim iting  conditions.
24
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G rowth Parameters. In  this study, CO; enrichment resulted in  changes in  root growth rate, 
root length, root diameter and alteration o f the zone o f ce ll division. Each o f these 
parameters could have profound effects on the ultim ate size and functioning o f the root 
system over time, providing other environmental requirements are not lim iting .
Phaseolus vulgaris roots grew faster during the day under elevated CO;, but P. 
acutifolius root growth rates increased at n igh t It has been suggested by Ferris and Taylor 
(1994) that night growth is specific to legumes, but the increase in  P. vulgaris day growth 
rates in  this study is evidence that this may not be a uniform  response in  the genus. 
A lternatively, the increase in  P. acutifolius night rates could be due to its increased drought 
tolerance. Night root growth in  this species m ight be a drought tolerant mechanism where 
grow th occurs at itig h t when water, the driving force fo r growth, is less lim itin g .
The increase in  root length reported here has also been reported in  other laboratories 
(Rogers et al., 1992; Taylor et al., 1994; Jongen et al., 1995). In  addition to an increase in  
root length, root diameter and the zone o f cell division decreased in P. acutifolius roots 
under elevated atmospheric CO;, which resulted in  the generation o f longer, thinner roots. 
This is in  contrast to reports o f diameter increases in  cotton (Rogers et al., 1992; P rior et 
al., 1995) and no change in the division zone dimensions in  chalkland herbs (Ferris and 
Taylor, 1994). We do not know the significance o f this find ing. It is possible that fewer 
cells were dividing in  these roots w hile those present were elongating more, contributing to 
the increase in length at elevated CO;.
Biophysical Properties. A  second objective o f this study was to explore possible 
underlying biophysical and metabolic mechanisms to explain differences in  root growth 
under elevated atmospheric CO;. Lockhart (1965) and Ray, Green and Cleland (1972) 
recognized that cell enlargement in  plants starts w ith changes in  the characteristics o f the 
ce ll w alls. Clearly, i f  there are changes in growth parameters, then the mechanisms
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underlying these changes must be either metabolic or biophysical. Here, we have 
attempted to see i f  there is  an effect o f elevated atmospheric CO; on root biophysical 
properties. Although measurements o f cell w all parameters are d iffic u lt to obtain, they can 
provide some useful inform ation in  assessing changes in  w all characteristics (Cosgrove, 
1993b) i f  considered carefully.
In this study, an osmotic immersion technique was used to determine the sensitivity 
o f growth to an externally generated water potential gradienL This technique relates to the 
modified Lockhart equation:
[ r  = m (P - Y )]
where r  = growth rate, mm hr '; m = waU extensibility, MPa hr '; P = turgor pressure, MPa; 
and Y= yield threshold, MPa (Cosgrove, 1993b). In  the ideal case, the growth rate plotted 
as a function o f the water potential is linear w ith turgor. In  our studies, we were unable to 
obtain a linear relationship between growth and the water potential o f the external medium. 
Cosgrove (1993b) discussed this phenomenon and suggested that in such cases the slope o f 
the relationship (i.e. w all extensib ility) changes, and a single number does not capture the 
nature o f this relationship. In  these cases, a simple comparison o f the graphs, although not 
allow ing a quantitative estimate o f the response, provides some insight into treatment and 
species differences. Using this approach, we found that roots o f plants grown under 
elevated CO; were more sensitive to the external water potential gradients than were those 
grown under ambient CO;. This would suggest that w all extensibility in  this species may 
be increased by exposure to elevated CO;. This is in  agreement w ith the w ork o f Ferris and 
Taylor (1994) who reported higher ce ll wall extensibility in  plants grown under elevated 
CO;. U ntil more is known o f the nature o f plant ce ll w alls, we w ill not be able to clearly 
understand how changes in  w a ll parameters influence overall growth.
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Metabolic Propenies. In  addition to biophysical parameters, there is a metabolic 
component to the growth o f roots. In this study, exposure to elevated atmospheric CO; 
caused changes in  the partitioning o f carbon to d ifferent tissues in  the plane Carbon 
partitioning may be an important indicator o f sink strength and hence, ultim ately root-shoot 
balance (Mooney, 1972). Although elevated CO; resulted in  proportionally more shoots 
than roots in  a ll three species, results o f this study indicate that, at least in  P. acutifolius, the 
roots are a strong com petitor fo r shoot resources when they are exposed to elevated 
atmospheric C0%. (Zhu et al. (1992) found that carbon partition ing was not effected by CO; 
treatment, whereas 23iang and Nobel (1996) reported faster movement o f photosynthate out 
o f source leaves and in to sink tissues under elevated CO^ Nonstmctural carbohydrates 
increased in  the leaves and not the roots o f soybean (H im  and Brun, 1982), but increased 
in  the roots o f Trifolium repens (Scheidegger and Nosberger, 1984).
M y results have also shown that exposure to CO ; alters the accumulation o f the 
plant hormone, abscisic acid (ABA). Increased concentration o f ABA in water stressed leaf 
tissues was o rig ina lly correlated w ith stomatal closure; recently, an additional role fo r ABA 
has been proposed—increasing the growth o f roots under low  water potentials (Sharp et al., 
1993). Saab et al. (1990) reported that ABA accumulation plays a direct role in  the 
maintenance o f prim ary root growth under water stress. In  this study, the ABA 
concentration in  roots increased in  P. acutifolius. Stomatal conductance also decreased, as 
occurs in  water stressed plants. Although elevated atmospheric CO; is clearly not the same 
type o f environmental change as drought, the increase in  root growth observed in  this study 
may be related to increases in  A B A  concentration in the roots o f these plants. I f  elevated 
CO; causes increased A B A  concentration in leaf tissues, it  is possible that ABA travels in 
the phloem to the roots w ith  sugars. ABA has been found in  phloem tissues and is known 
to move from  leaves to roots through the phloem in  some species (Zeevart and Creelraan, 
1988).
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CONCLUSION
Despite a large body o f literature documenting whole plant responses to elevated 
CO;, the physiological basis o f these responses remains elusive. O bviously, plant 
response to  elevated atmospheric CO; is a complex physiological problem. It  w ill be 
inqxrrtant to  understand the mechanisms o f responses to elevated CO;, because w ithout this 
inform ation it  w ill impossible to predict the impact o f increased industrialization on crop 
production and ecosystem functioning. A t present, only cursory models can be developed 
to un ify responses w ith in  the whole plant, especially since increased root growth under 
CO; appears to  be driven by m ultiple factors (F ig. 9).
From  the literature, it  is clear that when plants are exposed to elevated atmospheric 
CO;, many d iffe rent responses are possible depending upon the species and concentration 
o f CO; (H unt et al., 1991, Woodward et al., 1991). One o f the m ajor uses o f a model is to 
provide a basis fo r predicting which types o f mechanisms are lik e ly  to  be operative. To 
explain the linkages between the responses observed in  this study and possible underlying 
mechanisms, reference w ill be made to Rgure 9 which depicts physiological changes 
associated w ith  some o f the basic mechanisms underlying grow th. A t position I, 
atmospheric CO; is elevated above that o f the ambient condition. This has the effect o f 
influencing stomatal conductance as w ell as photosynthetic properties. There are reports in 
the literature o f changes in rubisco concentrations and activity in  response to elevated CO; 
(Bowes, 1991). Any alteration in  photosynthetic capacity can effect the metabolic
28
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Rgure 9: M odel to explain physiological changes associated w ith some o f the basic 
mechanisms underlying growth under elevated CO;. Bold letters indicate data collected in 
this study. Solid lines indicate direct effects, whereas dashed lines indicate indirect effects.
processes o f carbon assim ilation and partition ing (position 2). This would have two 
effects, a short-term  and a long-term e ffect In  the short term, whole plant growth would 
be increased resulting in  an overall larger plant. Over the longer term however, increased 
carbon ava ilab ility would most like ly  provide a feedback inhibition o f the photosynthetic 
pathway (Arp, 1991) as starch concentrations increased in  leaves and roots beyond what 
the plant needed. These processes determine leaf, stem and root masses (position 3) which 
in  turn effect root-to-shoot ratio (position 4). In  addition to changes in  carbon flow , it is 
possible that elevated CO; w ill effect other metabolic parameters such as hormone 
production (position 5). In  fact, in this study, there was an increase in  the concentration o f 
ABA in  roots o f plants exposed to elevated atmospheric CO;. Increased A B A  in roots has 
been associated w ith  increased growth, especially during drought (Saab e t al., 1990, Sharp
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et al., 1993). The role o f ABA in  this system is  unclear and very little  data is available in  
the literature on elevated CO; and plant hormones.
Each o f these factors can change belowground biomass resulting in  alterations o f 
the water-gathering capacity o f the root system (positions 6,7). Although not enough is 
known to predict how each o f these factors w ill contribute to whole plant responses, using 
this model (figure 9), the data suggest that changes in  carbohydrate production and 
allocation could result from  the influence o f elevated CX); on stomatal conductance and 
photosynthetic properties. Increased carbon partitioning to the roots indicates a strong sink 
o f rapidly elongating cells, possibly directed by ABA. The high concentrations o f root 
ABA in  the elevated CO; treatment m ight also promote growth. A t the same time, there is 
an effect on shoot growth, which in  this study exceeded root growth resulting in  a 
decreased root-to-shoot ratio. It is possible that the increase in  lea f number and petiiaps 
leaf thickness contributed to a greater increase in  dry mass o f the shoot than the root, 
resulting in  a decreased root-to-shoot ratio.
Perspectives
We do not yet know the underlying mechanisms or the significance o f the observed 
responses in th is study, nor how to integrate the conflicting results in  the literature. What 
does our knowledge mean in the big picture? On one hand, plant responses may sim ply 
indicate a new metabolic equilibrium  that w ill influence long-term growth and development. 
On the other hand, these responses may be the result o f accelerated development that occurs 
as a short-term response. O f course, both o f these views are speculative. Some general 
questions that remain to be answered fo llow :
•  What is  the basis o f organ responses to elevated CO;. Do plants that are responsive to 
elevated CO; have large differences in  metabolism as compared to non-responsive
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plants? W hat occurs when plants are exposed to an environmental stress under elevated 
atmospheric CO;?
•  W hat are the sites o f perception fo r the responses to elevated CO;? Do responses start 
at the controls fo r carbon flow , proteins, or water flow ? How is recognition o f 
elevated atmospheric CO; transmitted throughout the plant?
•  W hat ro le  do hormones play in  plant responses to elevated CO;? W hat hormones are 
involved? Are there receptors related to elevated CO; o r is there a centralized response 
system?
•  R na lly, to what extent do these responses confer an ecological advantage, and w ill we 
be able to integrate such responses from  the whole plant to m olecular levels o f 
organization?
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Step-by-Step Instructions for the 
Control and Maintenance o f UNLV's 
Elevated CO2 Desert Environment Facility 
(ECODEF)
I
Department of 
Biological Sciences
ECOPHYStOLOGICAL 
RESEARCH FACILITY
A Photo-documentation
by Katrina Salsman 
University of Nevada, Las Vegas 
May 1997
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Foreword
The Elevated CO, Desert Environm ent Facility (ECODEF) is located on the 
University o f Nevada, Las Vegas campus, and was retro-fitted in  1995 w ith elevated 
atmospheric CO, experimental capacity by D r. Dean Jordan. The funding fo r this 
project came from  a NSF EPSCoR (Experimental Program to Stim ulate Competitive 
Research) grant awarded to co-Principle Investigators Dr. Je ff Seemann o f the 
University o f Nevada, Reno and Dr. Stan Smith at UNLV.
I
Figure 1 : Dean Jordan and Katrina Salsman
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Introduction
The glasshouse experiments are set up to m im ic desert environm ental conditions as 
closely as possible. Temperature and daylength are allowed to track norm al seasonal 
ambient conditions outside the glasshouse. Experimental plants are grown in  a s ilty  sand 
m ixture, and the relative hum idity o f the rooms stays fa irly  low , except on watering days.
Three rooms in  the glasshouse make up the CO; experimental setup: the West room 
is the ambient treatment (floats around ambient CO;), and the inner two rooms are 
fumigated w ith elevated CO; (Rgure 2). We have attempted to set up the system so that the 
environmental parameters in each treatment room are as sim ilar as possible, w ith  the only 
difference between them is the atmospheric CO; concentrations. Temperature, and to a 
m inim al extent, relative hum idity, are controlled in  the inner two rooms to track those o f the 
West room.
East 1
Room H
----------- 1— 1— h
1
HEADHOUSE
Figure 2: Schematic o f glasshouse layout
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15^ V
Figure 3: W arning signs on each door
W arning signs are placed on the doors to each experimental room to ward o ff 
unnecessary loss or addition o f CO, due to excessive tra ffic  through the rooms. Though 
the CO, concentrations are not high enough to interfere w ith human physiology, 
excessive opening o f doors and/or excessive respiration (breathing) inside the rooms 
make CO, control poor.
The signs are also a warning to not remove the plywood propped in  the comer o f 
each room. These pieces o f wood have been specifically placed in  front o f the air 
handlers to direct the a ir flow  up in to  the room, rather than to blast across the tops o f the 
experimental plants. A dd itiona lly, th is pattern o f a ir flow  is necessary fo r the control o f 
the water temperature in the hydroponic bins.
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SECTION 1: TEMPERATURE, WEST ROOM
West room (Am bient COJ
The West room is set up to run as an open-top chamber, w ith the roof vents kept 
manually partia lly open, and one fan running w ith a set point around 6»C (fan turns o ff 
at 6«C). This rather high set point is due to the fact that the clim ate control towers in  the 
inner CO, rooms cannot track very low  temperatures, and the compressors are less 
e fficien t at low  temperatures.
The West room 
CO, concentrations w ill 
increase naturally i f  the 
swamp coolers are both 
shut o ff (thermostat 
control), and w ill 
increase faster i f  people 
are present. O nly one o f 
the two swamp cooler 
fans needs to be running 
to keep ambient CO, Figure 4: Roof vent sw itch
from  increasing. It helps to have at least one o f the two roo f vents open at least partia lly 
(switches are on the horizontal "L  " beam in mid-room 7' from  the floo r—get a ladder if  
you’re short!) to control the ro o f vents (Figure 4). They may be in  automatic (A : 
thermostat control) or in  manual (B : up/down/off). Both swamp coolers and both roof 
vents may be necessary in the summer to keep temperatures from  getting too high.
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I f  the temperature is 
getting too low at n ight (either 
below the desired m inim um , or 
below a temperature which the 
inner two rooms can track) raise 
the thermostat temperature on 
the swamps coolers (Figure 5) so 
that they shut o ff (there is a
Figure 5: Thermostat fo r swamp cooler
trade-off w ith CO, here, but very low  temperatures are probably more im portant than 
having too high a level o f CO, at night).
In extremely cold conditions, the heater thermostat (Figure 6) can be set to 
actively warm the room. This w ül make instantaneous temperature tracking d iffic u lt fo r 
the inner rooms, but longer term (10 m inute) averages should be very close (< 1.0 °C 
differentia l).
;
Figure 6: Thermostat fo r heater
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During the w inter, 
when cooling is unnecessary, 
the water pumps (Figure 8, A ) 
in  the swamp coolers (Figure 
7) can be unplugged and then 
the water supply shut o ff fo r 
both units. W ith the main 
power sw itch (Figure 9, A ) s till 
on, the un it then runs as a 
simple fan blower.
The swamp coolers 
are run on the c ity  water 
supply. The pump w ill 
bum out i f  run dry: the 
water supply (Figure 9, B) 
must be turned on before 
the pump is plugged in  
(Figure 8, B ). You should 
see water flow ing across 
the cardboard behind the 
panel on south side o f un it 
(Figure 9, C) when the 
pump is plugged in .
Figure 7: Swamp cooler unit
Figure 8: W ater pump in swamp cooler un it
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M#
Figure 9: Back side o f swamp cooler
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SECTION 2: TEMPERATURE, INNER ROOMS
Inner rooms (Elevated CO^)
The cooling o f each inner treatment room is achieved w ith an a ir conditioning unit 
as w ell as a swamp cooler.
Cool water from  the cooling tower (Rgure 10, A ) is used fo r both units. W ater is 
pumped to the a ir handler (B) which works as a swamp cooler and blows cool a ir in to the 
rooms. In  addition, cool water is pumped through a heat exchanger/condenser (C), where 
heat is absorbed from  freon gas which condenses it  back to a liqu id . The liq u id  freon is 
then pumped through the compressor (D ) where it  absorbs heat from  the a ir and cools the 
room.
The warm water from  the swamp cooler and the heat exchanger is recycled back to 
the cooling tower. The warm freon (gas) is recycled back through the heat exchanger.
water
HEAT ^  
EXCHANGEI
freonwaterAIR
HANDLER
COOLING
TOWER
COMPRESSOR
(in Climate 
Control Tower)
Rgure 10: Schematic o f heat exchanger
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Figure 11 : Outdoor cooling tower
A) Cooling Tower
The outdoor cooling tower is on the northwest side o f the glasshouse (Figure 
II) .  Cool water is pumped by the green pump (A ) through pipes to the south side o f the 
glasshouse and into the inner rooms to the heat exchangers. A  close-up o f the 
switchbox (Figure 11, B) is shown in  Figure 12.
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Figure 12: Switchbox on cooling tower
The fan in  the cooling tower should be set on M AN U AL (Figure 12, A ), not 
AUTO, or it  w ill shut o ff on cool nights when cool water is s till needed. The reset 
button (B) can be used to start up the fan again in case it  has shut o ff (i.e . i f  it has been 
in AUTO position).
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Figure 13: "Backside" o f cooling tower
The cooling power o f the tower can also be checked by hand: the pipes at head- 
height leading to and from  the tower should be cool to the touch (Figure 13). The lower 
one leads from the tower and should be quite cool.
A thermocouple w ire is mounted in  contact w ith the water pipe coming from  the 
cooling tower (on the south side o f the build ing) in  order to m onitor the water 
temperature: this temperature reading is shown on the computer screen. I f  the water 
temperature gets warmer than the room temperatures, there is probably something in 
need o f attention. The worst case scenario is that the green pump (Figure 11, A ) has 
gone out (very dire situation). Other more like ly  possibilities are that the fan switch 
(Figure 12, A ) could be in  AUTO (as mentioned above) or the pipe is plugged w ith 
algal buildup. Facilities maintenance is responsible fo r the upkeep o f this cooling 
tower.
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B) A ir Handlers
The a ir handler valves (Figure 
15, A ) were o rig ina lly  installed so 
that the water flo w  could be 
controlled to the a ir handlers which 
act as swamp coolers fo r the rooms. 
But w ith the current setup, we need 
maximum cooling capacity in  the 
inner two rooms, so the valves are 
run wide open w ith  no variation in 
water flow .
These a ir handlers are a leaky
connection: keep a ll o f the seams taped w ith  weather-proofing tape (B ).
Figure 15: Valves on a ir handler
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C) Heat Exchanger
The water flow  reaches the heat exchange co il (Figure 16, A ) through a 1.25" 
copper pipe. The cool one is the in le t, and the one that is warm/hot (assuming the 
compressor is on) is the outlet. I f  the outlet is too hot to hang onto fo r more than a few 
seconds, compressor shut down is imminent. The freon pipes are sm aller diameter 
copper pipes leading to/from  the clim ate control tower. One o f these is insulated, and is 
dangerously hot.
I f  the heat exchanger is being used to cool, the input pipe (note flow  direction 
arrows on adjustable valves) should be cold to the touch and the outlet pipe should be 
warm /hot. Note that the outlet pipes from  the internal compressor heat exchangers can 
be uncom fortably hot, but the compressors w ill overheat and shut down before the pipes 
reach dangerous temperatures.
The junction just after the control valve (B ) needs to be flushed out periodically. 
A lgae and crud can accumulate here and create a back-pressure which shuts down the 
compressor.
Figure 16: Heat exchanger
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D) Climate C ontrol Tower
The clim ate 
control towers are 
programmed to control 
and track the 
temperature and relative 
hum idity (to a lim ited  
extent) o f the W est 
room. The compressors 
are able to remove 
moisture from  the air, 
but the hum idifiers are 
at this time shut o ff.
In the process o f 
tracking temperature, 
the cooling action o f the 
compressors is balanced 
w ith  heating by heaters Figure 17: C lim ate control tower
in  the tower. I t  seems crazy fo r the heat to run in  the towers on 100 degree days, but 
alas, this is how the system works.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
I
Figure 18: Side door on clim ate control tower
There is a set o f relays inside the north side door o f each climate control tower 
(Figure 18) which turns power on to the compressor and heater—each relay is labeled at 
the bottom o f the gray strip on which it is mounted (arrow). Each relay has a sw itch 
which can be set to M AN U AL (always on), AUTO  (controlled by the software) or OFF. 
A ll o f these switches should be set on AUTO, so that the datalogger can control the 
climate parameters o f the room.
To verify that the switch is operating, the compressor should be on when the red 
lig h t by the relay is on.
The shut-o ff sw itch fo r the compressor is located inside the front door o f the 
climate control tower (Figure 19). The sw itch is located in  the fuse box, which has been 
opened fo r this picture.
The reset button (Figure 20) fo r the compressor is used to restart the 
compressor in case it  has shut down.
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Figure 19: Inside front door o f clim ate control 
tower, top ha lf
Figure 20: Inside door o f clim ate control tower, bottom ha lf
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SECTIONS: CARBON D IO XID E
CO2  supply and control
CO2 "dribbles" from  a sm all diameter green hose in to the top o f the tower (H guie 
17, A ) where a fan distributes the 00% in to  the room. The a ir circulation that is supplied by 
the outside a ir handlers is im perative fo r COg m ixing: when the fans are not blow ing, the 
CO2 w ill be concentrated in pockets and the sensor w ill most lik e ly  register high CO2.
CO2 tanks are ordered through Desert Industrial Gas. A  template LPO that has the 
purchase order (from  James M cKoy in the stockroom) number Qrped in is faxed to Desert 
Industrial. We order 2 tanks at a tim e, g iving 24 hours notice fo r the order. Desert 
Industrial w ill de liver d irectly to the glasshouse. I f  you are unable to be present when they 
deliver (the delivery tim e is variable, usually between 11:30 and 2 p.m .), leave the 
glasshouse door propped open and the gate unlocked so they can deliver the fu ll tanks and 
pick up the empty ones. Attach the U N LV Control slip (fille d  out by Desert Industrial Gas 
and delivered w ith  the tanks) to the side w ith  clear packing tape (Figure 21, F).
One CO2 tank should last about 4 days, depending on the w ind conditions and how 
often the doors to the CO2 treatment rooms are opened. Pressure in  a compressed-gas tank 
drops in  a non-linear fashion, usually starting around 800 psi, although this pressiu*e 
depends on the temperature in  the head house. I f  the pressure drops below 600 psi, it  w ill 
probably not last the night (change it  before going home!)
Y ellow  status tags (get these from  James M cKoy in  the stockroom) are used to  keep 
track o f the pressure in  each tank as it  is used. When a fu ll tank is hooked up to the 
system, tear the tag to TN SERVICE'. When a tank is low  (i.e . when it  has been swapped 
fo r a fu ll tank that w ill last through the night), it  is he lpfril to w rite  the pressure on the tag. 
These low  tanks should be utilized (i.e. swapped back in to service) during the
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work hours when someone is around to change a tank when it  is used up. When a tank 
is empty, tear the yellow  tag to 'EM PTY’.
Changing CO, Tanks
%
Figure 21 : Tanks o f compressed C O „ in  varying stages o f use
To change a CO, tank, firs t ro ll a 'FU LL' tank (or any tank you want to use as a 
CO, supply) next to the cabinet (Figure 21, A ). Close the valve on the 'IN  SERVICE' 
tank (B ). Use the 12" crescent wrench hanging on the regulator (C; the wrench stavs 
hanging on regulator!) to loosen the threaded sleeve on the regulator—1/4 turn upward— 
w ith in a half-tum , the sleeve should be loose enough to unscrew w ith the fingers. Move 
the regulator to the fu ll tank-be careful not to pu ll on the sm all green hose or smash it 
against another tank. Finger tighten the threaded sleeve, then apply fina l force—1/4 turn 
downward—w'wh the wrench (note: it  typ ica lly  takes about 50 ft-lb s o f force to elim inate 
leaks around the regulator/tank connection). Open the valve on the tank and check the 
prim ary pressure (D ) and the secondary pressure (E) on the regulator. F inally, check for
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leaks: spray soap (from  spray bottle) lib e ra lly  around the connection and look fo r growing 
bubbles.
The whole tank changing process should be done prom ptly. I f  it  takes more than 3 
minutes, the CO; could drop enough to activate the alarms, and depending on the time o f 
day, the autodialer. This is why you should move tanks firs t, then change the regulator.
There are two gauges on the regula tor prim ary (Figure 22, A ) and secondary 
pressure (B ). The prim ary pressure represents the pressure in  the compressed CO j tank. 
The secondary pressure controls the flo w  o f CO; in to  the rooms. A  long process o f tria l 
and error has led to the conclusion that 60 psi is the ideal pressure: it  is sufficient to bring 
the rooms up to target, but not so large that the concentrations are overshot by substantial 
amounts. I f  someone has bumped the adjustment arm on the second stage, this could result 
in  a problem in  the maintenance o f CO; concentrations in  the rooms. Turn clockwise to 
increase pressure. Pressure w ill drop in  response to a counter-clockwise turn only there 
is somewhere fo r the gas to flow  (i.e . one o f the rooms must be calling fo r CO;). I f  you 
are trying to reduce the pressure, turn
1/4 turn, at a tim e, and w ait from  20 
seconds to 2  minutes fo r a pressure 
drop.
B
from
tank
to rooms
Figure 22: Regulator fo r a compressed-gas tank
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SECTION 4: ENVIRONM ENTAL PARAMETER SENSORS
Figure 23: A ir sample filte r, thermocouple w ire, PAR sensor
Each experimental treatment room is equipped w ith sensors to m onitor a number 
o f environmental parameters. CO, is sampled via a ir filte rs  (Figure 23, A) and is 
analyzed by the IR G A as described previously. Room temperature is monitored w ith a 
thermocouple (B ) that also hangs from  the ceiling.
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Figure 24: PAR Sensor
PAR (Photosynthetically 
Active Radiation) sensors are 
mounted on the w ails in 4 
places around each room 
(Figure 23, C; 24).
O
Figure 25: Thermocouple w ire in  soil 
Soil temperature can be monitored in  a sub-sampling o f pots w ith thermocouple w ire 
(Figure 25).
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SECTION 5: EQUIPMENT INSIDE GRAY CABINET
Figure 26: Equipment inside gray cabinet
(From le ft to righ t)
Name Label
IRGA (Infrared Gas Analyzer) IR G A (l)
CD 16 Programmable Switchbank, (in  charge o f output, operation) SW ITCHBANK (2) 
Campbell CRIO Datalogger (in  charge o f control, decision, memory) DATALOGGER (3)
AM4-16 M u ltip lexer (in  charge o f input) M ULTIPLEXER (4)
Alarm  A utodialer AUTO DIALER (5)
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1) IRGA
ANALYZER 
I4MMLM2SS
■
i?  1/C /TÆ . «
Figure 27: IRGA
The IRG A (Infrared Gas Analyzer) monitors the concentration o f CO, in  each 
room. A ir samples are taken via a filte r that hangs from  the ceiling in each room 
(Figure 23).
The IRG A should be calibrated regularly (since the unit has been very stable so 
far, once every 2 weeks should be adequate). Reference gases fo r which we know the 
exact CO, concentration are used in the calibration o f the IRGA. Two tanks stand to the 
right o f the gray cabinet (Figure 29 ), one is pure nitrogen (i.e. no CO,), the other is the 
span gas which is 715 ppm CO, (the idea is to "span" a range o f concentrations).
First, the normal air-sampling cycle must be disabled so that the IRGA w ill only 
sample the reference gas. The control switches on the switchbank must be flipped from 
"AUTO" to "OFF" follow ing the map on the cabinet door (Figure 28). Note the 
exception: sw itch 16 goes to the "O N" position.
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Switch Function Normal Operation Span Operation
16 Span Gas Valve I a u t o
1
ON 1
15 Le ft Compressor AUTO AUTO
14 Le ft Heat AUTO AUTO
13 R ight Compressor AUTO AUTO
12 Right Heat AUTO AUTO
11 Alarm  Auto-Dialer AUTO OFF
10 West Room A ir Sample Valve AUTO OFF
9 West Room A ir Sample Pump AUTO OFF
8 Right Room CO; Valve AUTO OFF
7 —— AUTO
6 Right Room A ir Sample Valve AUTO OFF
5 Right Room A ir Sarxqjle Pump AUTO OFF
4
“I
Le ft Room CO; Valve AUTO OFF
2 Le ft Room A ir Sample Valve AUTO OFF
1 L e ft Room A ir Sample Pump AUTO OFF
Switch Positions:
AUTO=LEFT (Red L ight Under Campbell GRIOT Program Control)
OFF=CENTER (R ight L ight A lways OFF)
0N = R IG HT (Red L ight A lways ON)
Be CERTAIN to leave the system in  NORMAL OPERATION MODE!
Hgure 28: Map fo r Campbell (ZD16 Switchbank
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Second, 
check that the 
reference gas 
regulator (Figure 
29, A ) is attached 
to the nitrogen 
tank, and then open 
the valve on this 
tank (B ). A fter a 
few seconds, the
reading on the
IRGA should be
Figure 29: Reference gas tanks
close to 0 (Figure 27, A ); i f  it  is not exactly 0, adjust it w ith the ZERO knob (B). Close 
the valve on the nitrogen tank.
Third, change the regulator to the SPAN tank (Figure 29, C) and open the valve. 
The IRGA reading should be close to 715; adjust using the SPAN knob (Figure 27, C) 
to exactly 715. Close main valve on the SPAN tank.
F inally, flip  the switches on the switchbank back into the "AUTO" position.
The calibration process is complete.
Because this process o f calibration disables the datalogger from its usual data 
sampling, the CO, m onitoring computer in the tra ile r w ill show a spike on the CO, panel 
fo r each treatment room. But since you flip  the switches on the switchbank back to 
"AUTO" when you are finished, the normal data cycling w ill p ick up immediately.
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2-4) SW ITCHBANK. DATALOGGER. MULTIPLEXER
The datalogger is a sm all computer. It is in charge o f the control, decisions and 
storing o f data. A  program is downloaded to the datalogger delineating the conditions 
required fo r CO;, cooling, heat and alarm conditions. The datalogger then "communicates" 
w ith the switchbank, which is in  charge o f signal output and operating the valves. It is a 
signal from  the switchbank, fo r example, that triggers the autodialer to ca ll your home.
The m ultiplexer is  in  charge o f gathering inform ation from the sensors, and sending the 
data to the datalogger.
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5. AUTODIALER
Up to three phone numbers can be stored in  the autodialer. Basic operating 
instructions can also be found in  the owner's manual.
The system is programmed to d ia l every 10 minutes fo r as long as the alarm  
conditions prevail. This ensures that you get the alarm even i f  you were on the phone or 
missed the in itia l call.
Storing numbers in memory'.
- Press STORE
- Press 1,2, or 3 to select the 
memory location fo r the 
number
- Enter 8  to connect an outside 
line
- Press Play/Pause to program 
a pause (to allow  tim e fo r the 
outside line to connect)
- Enter the phone number
- Press STORE
(The dialer sounds a one- 
second beep.)
• x ,
Figure 30: Autodialer
Clearing a number from  memory:
- Press STORE
- Press the memory location you want to delete
- Press STORE
(The dialer sounds a one-second beep.)
When the autodialer is answered by an answering machine, the autodialer message 
starts playing im m ediately, w ithout w aiting fo r the end o f the answering machine message. 
This means that i f  you have a long message and/or beep on your machine, you w ill 
probably only get the last part o f the 2 0 -second autodialer message recorded on your tape.
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SECTION 6 : HYDROPONIC SETUP
Figure 31 : Hydroponic bin
Plants can be grown in  each room in  aqueous solution culture (hydroponics). 
Compressed air (Figure 3 1, A ) is channeled through airstones to ensure adequate 
aeration o f the root environment.
The water temperature in each hydroponic bin is m onitored w ith thermocouple 
w ire (Figure 31, B) and recorded w ith the datalogger.
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Figure 32: Container fo r continuous solution flow
Plant roots are bathed in circulating 1/10 strength Hoagland's solution pumped 
continually between the hydroponic bin and a 20-gallon container (Figure 32). In this 
picture, in flo w  is the tube marked "A ", and outflow  is "B ".
The shut o ff fo r the compressed a ir line in each room is a plastic valve (Figure 
33, A ). The flow  o f a ir to the airstones can be adjusted (B).
The green a ir compressor (Figure 34) in  the headhouse autom atically (and 
no isily!) turns on when tank pressure decreases to a certain level. It also makes a loud 
a ir blast as it  shuts o ff. (This is norm al.) The shut o ff switch fo r the compressor is on 
the w all (arrow).
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Figure 34: A ir compressor
Figure 33: Valve fo r a ir pressure control
The compressor has a drain plug (underneath on the east side) which should be 
drained once a month. (So fa r in  one year o f operation, there has been very little  
buildup o f water.)
A dehydrator (blue box mounted on the w all above the compressor) is used to 
keep the compressed a ir lines free o f moisture. It must be plugged in (green lig h t turns 
on) to operate.
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m
Figure 35: Self portra it
I  designed the hydroponic setup while working on a Master’s degree at UNLV, 
studying Root G rowth Under Elevated Atmospheric CO,.
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SECnON 7: GLASSHOUSE MONITORING COMPUTER
The computer in  the tra ile r runs a m onitoring program (RTM : Figure 37, C) so that 
you can visua lly track the conditions in  the glasshouse. The RTM m onitor screen (Figure 
36) has three graphs that show 24 hours o f data on a ir temperature, CO j concentrations and 
soil and water (hydroponics) temperatures in  each room.
The program needs to be in  M O N IT O R  mode (Hgure 36, under A ) to present dara 
visually on the screen. As the data collection cycles through its routine, you can see the 
data being updated in  the graphs as w ell as the numbers on the le ft A  fille d  circle (Figure 
36, B) means data is being collected fo r that particular parameter at that very moment
In  addition to being able to see the values representing the environmental conditions 
in  the glasshouse, you can also m onitor the a ctiv ity  o f the COj valves, compressors and 
heaters in  the inner two treatment rooms. In this case, the number " I"  indicates activity. 
Fot example, i f  the compressor is turned on in  the rig h t room, you w ill see a "1 " instead o f 
"0.0” (Figure 36, Q . In  th is example, the le ft room  is not heating, cooling o r ca lling  fo r 
CO^.
I f  the alarm  has been triggered the computer w ill em it a beeping. The circle at the 
bottom le ft o f the screen labelled "A larm !!" w ill be fille d . The most common cause fo r 
alarm is an em pty CO2 tank. Check the CO; concentrations in the inner rooms: are they 
dropping?, and then check the temperature values: are they too high or too low? See 
troubleshooting key, SECTION 8 .
Soil and hydroponic water temperatures (lowest graph) are not programmed on the 
alarm. They can be tracked ind ividually in  addition to graphically: use the le ft nx)use 
button to c lick  on the parameter, fo r example Hydro TR is hydroponic temperature in  the 
righ t room (Figure 36, D ) and you w ill see the value displayed on the bottom  o f that graph 
(E).
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RTM <monitor> co2
RIe Insert Qations Commands
38.5 R temp
36.5 Ltemp
36.5 W temp
23 RRH
30 LRH
32 WRH
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700 LCO 2
380 WCO 2
I
o
o
o
o
®
o
o
0.0 R CO2
0.0 L CO2
0.0 R Heat
L l R Cool
0.0 L Heat
0.0 L Cool
R Temo W Temo 
L Temp E Temp
RCO2 LCO2 WCO2
Hydro XL Hydro TW R Soil 2 
Hydro TR RSoil 1
Fri 20-June-97 
11 ;36;32 am
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O  Alarm!!
6-20-97 11:36:32 30.5
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FI = H e l^ ^ p
40.00
30.00
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0.00
800
680
560
440
320
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30.00
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10.00 
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Hgure 36: RTM  monitor screen
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Adm inistrative software
Both the NetAdmin and DBSelect programs need to be running at a ll times (when 
the icons (Figure 37) arc cross-hatched they are running). These programs control the 
collection o f data from  the datalogger via  a modem line.
The data is stored in  two tables; CRIO TOI collects the environmental parameters 
from  the datalogger such as COj concentrations, temperature, relative hum idity, etc. CRIO 
T02 collects operational inform ation such as the activity o f the compressors, when the heat 
is turned on, when the alarm conditions are triggered, etc.
DBSelect has 5-6 days o f memory in case the system goes down (i.e. power out). 
M issing data can be collected as long as it  is done before the memory runs o u t (This is 
why data should be backed-up each week.)
\
DOS Window Drive C Drive D IBM Works Launchpad OS/2 System ATMS
RTkIS - Scon V»cv>;
EdLog NetAdmin elect rtM
Lockup Rnd
Shut Down Window list □□□□
DATA
D  m
ELEC6.LOG |___ |
DBSELEC$.LOG
DBSELE
Figure 37: Icon screen (underneath RTM m onitor screen)
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M issing data (holes) collection:
M inim ize the RTM m onitor screen (Figure 36, F). Double c lick on DBSelect 
(Figure 37, B ) and then Holes. Double c lick  on TOI and T02. These tables then appear in  
the box named Station.Table at the top o f the screen. The collection o f m issing data begins 
im m ediately, but it  is  slow, because the regular data collection is s till occuring: the modem 
line is  shared between the two activities. When hole collection is complete, the tw o tables 
disappear from  the Station.Table box. Close the window by click ing  the top-most le ft box 
o f the w indow and choose Close on the pull-down menu. D on't close the next w indow 
this way because it  should be le ft running: instead, use the upper righ t small square to 
m inim ize the window.
Downloading Data:
Current environmental and operational data are stored in  a file  named 
DBSELECS J-OG (Figure 37, D ). This data should be copied in to  storage weekly: it  is 
copied onto the removable D rive D  (in  case the main hard-drive crashes) as w ell as onto 
floppy rlisks.
I t  is helpful to leave the DBSELEC$I-OG visible in  the D ATA window (Figure 37, 
D ). I f  it  is not, maximize it  w ith the b ig  square on the upper rig h t o f the window (Figure 
37, E). A im  the mouse at a white area on the page and c lick  the rig h t mouse button fo r the 
pull-dow n menu, choose Sort by w rite  date. Then the DBSELEC$.LOG file  w ill be the 
most recent file  w ritten to and w ill show up at the very bottom righ t. (M inim ize the 
w indow (Figure 36, F) w ith the file  in  view .)
Drive D  backup:
F irst open the folder on D rive D  (Figure 37, A ) where you want to copy the file . 
(Double c lick  on the D rive D icon, and then on the "backup data" folder.) Then select the
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DBSELEC$X,OG file  (Figure 37, D) w ith the le ft mouse button so that it  is highlighted. 
C lick the rig h t mouse button to p u ll up a menu from  which you can choose COPY w ith the 
le ft mouse button. The next menu screen allows you to select the "backup data" folder 
which you opened on D rive D ( if  you hadn't opened it  firs t, it  would not show up on this 
menu), and then click OK. You w ill then get a message to  alert you that there is already a 
file  w ith  that name, and asks i f  you want to rename the file . No, you want to REPLACE it. 
(The DBSELECS J^OG file  fills  up to 1.2 MB about once a month, and then is 
autom atically renamed w ith a consecutive number i.e . D B S E LE C li.O G , 
DEBELEC2.L0G , etc. When th is happens, you w ill need to copy both the renamed file  
and the current DBSELEC$X(X} file .)
Drive A  backup:
To copy the DBSELEC$X(X} file  onto a floppy disk, sim ply select the file  w ith the 
le ft button, c lick  the right button and choose copy from  the menu. Then choose the tab 
labelled "D rives", select D rive A , c lick  Copy. Again, choose to REPLACE the file  on the 
floppy i f  the file  is not yet fille d  to  its  1.2 MB capacity.
When you have completed the backup, double c lick  on the RTM  icon (Figure 37,
C) to restart the m onitor screen. The previous data w ill have been removed, and new lines 
w ill start to  show up on the rig h t side o f the graphs.
Persnicketv Computer Glitches
Sometimes the OS/2 system locks up or acts up. A  cold reboot (turn button o ff, 
then back on) works when reset (CONTRO L-ALT-DELETE) doesn't In fact, sometimes 
it  takes 2 cold reboots. Such is technology, eh?
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SECTIONS: TROUBLESHOOTING
The CO2 m onitoring software has been programmed to alarm under certain 
environmental conditions. During w ork hours on weekdays, these alarm conditions w ill 
trigger a beeping alarm on the CO; m onitoring computer in  the tra ile r. On weekends and 5 
p.nL to 8 a.m. weekdays, the autodialer w ill call the phone number(s) programmed into i t  
The m onitoring software is programmed to alarm under three conditions (note: 
these conditions were chosen because they seemed reasonable and pertinent to the CO; 
experiment; they can be changed):
A) when CO; concentrations are 30 ppm o ff target (except West room)
B) when inner treatment room temperature is 4*C o ff o f West room
C) when W est room temperature is too high or low (high =  45*C, low  = 5’C)
There are a few potential problems that are not programmed to set o ff the alarm on 
the computer or autodialer. These things are monitored manually as you regularly check 
the computer screen.
Non-alarm Troubleshooting
A. Cooling water temperature warmer than room temperature
1. Explanation: pump may have burned out at Cooling Tower
Solution: call Facilities Maintenance SECTION 2, page 42
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B. Numeric indicators are grey rather than black, or do not seem to be 
updating
1. Explanation: the RTM system could be set on ED IT rather than MONITOR 
Solution: reset the system to MONITOR SECTION 7, page 6 6
2. Explanation: loose w ire in  short haul modem—probably at RJ-11 jack in  SW 
office.
Solution: jigg le  w ire at phone jack to make sure it  is plugged in  
Troubleshooting kev:
A. CO; levels off target
Problem: H igh CO;
1. Explanation: Too many people fo r too long in  the room (3 people fo r > 5 
minutes w ill run any room above target, especially fo r the lower target 
concentrations).
Solution: no action necessary unless a large party is camped out in  one o f 
the rooms and shows no signs o f leaving
2. Explanation: A ir handler fan belt broken or m otor not functioning to m ix 
CO; completely through room
Solution: call Facilities Maintenance SECTION 2, page 45
Problem: Low  CO;
1. Explanation: Empty tank (most like ly)
Solution: change tank SECTION 3, page 51
2. Explanation: Secondary pressure on regulator too low  (much less like ly ) 
Solution: adjust secondary pressure knob SECTION 3, page 52
Problem: Spike in CO; trace
1. Explanation: IRGA is being calibrated
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Solution; no action necessary, trace w ill resume when calibration is 
complete SECTION 5, page 56
Problem: Wandering CO; levels, especially under w indv conditions 
1. Explanation: Leaky seams in  a ir handler
Solution: re-tape seams o f the a ir handlers SECTION 2, page 45
B. Tem perature o ff ta rge t in  in n e r room s
Problem: Temperature too hot in  inner rooms
1. Explanation: Compressor inside climate control tower shut down 
Solution: push reset button on compressor SECTION 2, page 49
2. Explanation: Compressor burned out 
Solution: call Facilities Maintenance
3. Explanation: Voltage safety has kicked in  (red button on front door)— 
possible burned out transform er o r short in system
Solution: call Facilities Maintenance
Problem: Temperature too cool in  inner rooms
1. Explanation: Power relay in  inside climate control tower set to ON instead 
o f AUTO
Solution: set switch to AUTO  SECTION 2, page 48
C. T em pera tu re  ou t o f range in  W est room
Problem: Temperature too hot in  West room
1. Explanation: Thermostats set too high
Solution: adjust thermostat cooler SECTION 1, page 38
2. Explanation: Swamp cooler water supply turned o ff, fan belt broken or 
pump burned out
Solution: check water supply, SECTION 1, page 40
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Problem: Temperature too cold in  West room  
1. Explanation: Both swamp coolers on 
Solution: shut down one swamp cooler SECTION I, page 39
2. Explanation: Roof vents open 
Solution: close roof vents SECTION 1, page 37
3. Explanation: Heater thermostat too low  
Solution: adjust heater thermostat SECTION 1, page 38
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